Abstract-In this paper, we summarize the initial results with regard to the question to what extent driving simulators can be used to serve as cheap and easy realizable environments for simulating on-the-road behavior. The aim of these first studies was to determine whether or not it is possible to replace real driving studies with experiments and furthermore, to identify parameters and/or restrictions for a second experimental series with improved settings. We have conducted two studies comparing the driver's reaction time in real and simulated environments with the final goal to provide a universal metric describing the differences in reaction time. The events were, in the case of simulation, triggered trace-driven or, in the real driving experiment, manually activated by the experimenter and notifications were forwarded to the driver using either a visual, auditory, or haptic sensory channel. The comparison of the two studies showed that (i) both settings provide similar results for the order of average response using the three feedback modalities and (ii) the experiment using a simulator performed, for the measure of reaction time, better in the range of 13% compared to the real driving study (the reason for this result is most likely caused by the fact that driving in a real world environment is much more challenging than in a driving simulator).
I. MOTIVATION AND APPROACH
The car domain is requested to shorter and shorter time-tomarket cycles, with at the same time driver assistance systems and control instruments catching on more and more into the dashboard. To cope with decreasing production cycles, simulation has been successfully applied, for instance to crash or wind tunnel tests. But for user interface evaluation, particularly for experiments measuring reaction times in driver-vehicle communication, simulation has been rarely used to date, e. g., by Santos et al. [1] , Panerai et al. [2] , and Lange et al. [3] probably due to the complexity of person behavior representation. Nevertheless, performance and/or usability evaluation of user interfaces for new generations of vehicles in on-the-road experiments is often infeasible -beside economical reasons and the danger for road participants mostly due to the fact of too long preparation and execution times.
A. Simulation in Car Manufacturing
Research and development expenses for a new generation of vehicles is only about 5% on the overall costs of car production; however, car manufacturers are increasingly requested to operate as efficiently in terms of cost and time as possible -for the area of development and design this would only be possible when applying computer assisted simulation techniques. Particularly in user interface design, the strong interrelationship between the driver, his/her personal preferences and the different control and assistance systems in a vehicle has to be considered, and necessitates, in excess of pure simulation, a more detailed consideration within user studies and/or driving experiments.
Simulation can be applied in many critical areas and forces one to consider global terms of system behavior, most frequently represented by complex models behaving in more than the sum of their components [4, p. 1] . The goal in this work was to provide a metric for the difference in response times between simulation and the real world to be used as a "conversion table" when replacing future on-the-road studies by simulation. This solution can be assumed promising, as it has been shown for the automotive domain that simulation is a useful approach for data collection and driver behavior analysis, e. g., by Adler et al. [5] or Baujon et al. [6] .
UI (User Interface) composition and evaluation is a challenging task in the design phase of a new vehicle generation, particularly today where the time-to-market cycles decreases steadily, reaching 18 months or less after up to 48 months a few years ago [7] . This reduction in development time would only be possible when applying simulation to all stages of the vehicle manufacturing cycle, even to the design and evaluation of the user interfaces [8] . Solutions like VPD (Virtual Product Development) and CAE (Computer Aided Engineering) techniques [7] are applicable to "hardware design"; nevertheless, these approaches are not suitable for the development of user interfaces without further considerations regarding the user as they are highly dependent on users preferences and a person's behavior does not follow mathematical rules or physical laws.
On the other hand, (full-motion) flight simulators, which are situated between "model-based" simulation and tests in the real world, have been successfully showed its applicability for pilot training in the past decades (see for instance Lee [9] [10], Proctor et al. [11] , Longridge et al. [12] ). Following this approach, driving simulators should be established for user interface testing in the automotive domain. Like in the flight simulator, tests with vehicle simulators can be conducted in a quiet, controlled test environment with the following advantages: (i) mistakes can be reviewed immediately, (ii) a failed task can be repeated by rewinding and replaying the scenario, (iii) the "driver" is secured from accidents and other road participants do not need to be endangered, and (iv) user's concentration is on the task, not on the noisy, stressful environment [13] .
It is supposed, and has already been shown for the evaluation of single driver -single vehicle interaction issues, that driving simulators can be successfully applied for user interface evaluation [14] [15] [16] [17] . Summarizing the considerations regarding simulation poses the problem of a still missing "reality effect", aggregated from motor noise, environmental sound (raindrops pattering on the front windshield), road vibrations (implicit knowledge about driving behavior, e. g., drifting on gravel or snowy roads), penalties for driving violations, danger of road accidents, etc., even if the replayed scenery in the simulator looks highly realistic and the experiments are processed in a "real" physical car (both covered in the trace-driven simulation experiment described in this work). For driving experiments using a simulator instead of real driving studies it would be rather important to know these missing parameters or at least their joint impact on the distortion of results. If it is possible to provide evidence for a common or individual "correction factor(s)" or to build a "correctionmodel", it would no longer be required to conduct costly and time-consuming real driving studies, but in any case, it will be almost impossible to cover the full range of errors.
B. Authenticity
Before replacing user studies with simulation experiments on a broader basis it has to be approved that the results of the latter are equal or comparable to that of the former, at least for the key issues. If authenticity for both test persons and achieved results can be confirmed it would be much easier (or even yet feasible) to perform specific tests by simulation, and to give expressive statements on the results for the reality. For instance, it would not be suitable to study alcohol impaired driving or the influence of fatigue in on-the-road studies, however, an investigation by using a driving simulator would be possible and should provide meaningful results, directly transferable "back to the real traffic".
C. Approach
This work deals with monitoring, recording, and interpretation of driver activities in simulated labor and real driving studies. Therefore, two similar designed experiments (tracedriven simulation, on-the-road studies) have been conducted in order to compare the response of drivers on notifications using different sensory channels (visual, auditory, and vibro-tactile). The main contribution of this initial research is (i) a statement whether or not (and to what extent) driving simulators can be used to serve as easy realizable and safe environments for simulating real driving behavior and (ii) the determination of parameters and/or limitations for further experimental series to achieve better results.
Outline: The paper is organized as follows. Section II gives an overview of the predeterminations and regulations for both the simulated and the real driving experiments as used in this work. Furthermore, information about the experiment execution are stated here. Section III presents and discusses the findings of the comparison between these two experimental series. The concluding Section IV summarizes the paper and gives suggestions for future work to improve the applicability of simulation to replace real driving studies.
II. THE EXPERIMENTS
A driving simulator has been developed initially, measuring response times from a driver on a limited number of vehicle control operations, notified either visually, auditory or vibrotactile. The experiment was processed in a real car parked in a garage, with "real" vehicle controls such as turn indicator or light switch connected to a microcontroller. Instead of a computer-generated scenery a prerecorded journey of about 12min. in length across the city of Linz was replayed on a large projection screen placed in front of the windscreen. The detailed setting of the experimental system as well as a in-depth description of the conducted experiments including evaluation and results is given in Riener and Ferscha [18] .
After this first experiment -which already has been defined considering a later reuse in a real driving study -a similar test series (using the same car, the same tasks, and the same notifications) was prepared and performed in an on-the-road scenario as described below. This second series was conducted several month later so that any dependencies (such as learning effects from persons participating in both experimental series) between the two experiments shall be excluded. The final results of the first experiment using the simulator have already been published [18] ; however, that of the real driving experiment haven't as it was conducted at a later date. For that reason we subsequently focus more on the specialties of the real driving tests and furthermore indicate differences between the two approaches where applicable. In Section III ("Findings") the results of both series of experiments are compared and discussed one to the other.
A. Geographic Regions of the Experiments
Both the simulated and the on-the-road driving tests have been conducted in the greater area of Linz, Austria. For the simulation a trip with a length of 21km (driving time approximately 30min.) through downtown Linz has been prerecorded (video camera taping the view of the driver), cutted (waiting times on crossings and unsubstantial or pointless driving sections have been, indiscernible for the test driver, removed) and tagged. Due to a lower volume of traffic and thus, a reduced risk of accidents the real driving experiments have been conducted in the city of Perg 25km east of Linz. All of the test runs have been processed on a predefined course with a circuit length of 25.79km, an entire run lasts on average 34min. (see Fig. 1 ). Vehicle specific data acquired from the OBD (On-Board Diagnostics) interface and the RaceTechnology [19] hardware (a DL2 data logger with integrated 20Hz very high accuracy GPS (Global Positioning System) and a IMU06 six degree of freedom inertial measurement unit) have only been used for a visual inspection of the individual test runs and at no time for evaluations or data interpretation. Fig. 1 . GPS traces of the predefined driving route (length of 25.79km) with subjacent satellite maps (the upper image shows the overall journey, the lower displays a detailed view of the trip across the city of Perg).
B. Data Acquisition
The main difference between the two settings is grounded in the initiation of notifications. In the experiment using simulation it is trace-driven and time aligned to the video of a prerecorded journey, in the real study it is executed manually by the experimenter according to predefined positions in the driven route (a person initiating the feedback was placed on the back seat behind the driver so that he/she -and the actual task of activation -cannot be seen, neither be guessed, by the driving person; once the key was pressed (=task activation) one sensory channel out of the three available modalities was chosen randomly by the software).
Basically, for the on-the-road series exactly the same setting as in the earlier conducted trace-driven experiment has been used. Notifications about required driving activities were delivered to a particular driver using either a visible, audible or vibro-tactile feedback signal. Reaction times from the driving person have been collected from the real control instruments of a car (turn indicator, light switch) connected to a Atmel AVR ATMEGA 8 microcontroller and forwarded to the capturing software.
Log files were compiled for each trip in the two experimental series for evaluation purposes. Fig. 2 exemplarily shows an abstract of such a log file for a real driving trip employing the following list descriptors.
(i) Selected notification channel: One out of visual, auditory or vibro-tactile (unimodal). This list is intended to be extended for later studies, for instance by the modality smell (olfactory channel) or by combining more than one modality to a multimodal feedback system. (ii) Kind of activity: This is an indicator for the action to be performed by the test person. In the actual experiment we used (i) turn right, (ii) turn left, (iii) lights on, and (iv) lights off. Each activity is followed by an enumerator counting the actual number of occurences of that activity. (iii) Indicated command: This field is one of either "start"
(created) where the user notification is initiated, or "stop" (finished) where the response from the user has been recognized. (iv) Response time: This field is defined only for the finished command and indicates a driver's reaction time from one particular stimulus. It can be simply calculated as the difference between t f inished and t created . (v) Actual time: This field contains internet synchronized time (UTC) to align data recorded with the local acquisition system to vehicle-specific and GPS data recorded with the RaceTechnology measuring equipment. 
-------------------------------------------------------------Real-Driving Journey started at 30 March 2009 10:04:51 -------------------------------------------------------------

------------------------------------------------------------
Total number of tasks: 31 -------------------------------------------------------------
C. Test Participants
Eighteen persons (15 male, 3 female subjects) in the age range from age min =18 to age max =38 years (age=25.00 years, σ age =5.12 years) participated in the first experiment using trace-driven simulation. All of the test persons were relatives, colleagues at the university and students with a valid driving licence and a driving experience of on average more than 7 years. Male subjects vary in age from age min =18 to age max =38 years (age=24.80 years, σ age =5.41 years), female test persons vary in age from age min =22 to age max =30 years (age=26.00 years, σ age = 4.00 years). The second (real driving) study was conducted on a smaller group of twelve test persons -7 subjects were male (58.33%), 5 participants were female (41.67%). Male subjects vary in age from age min =25 to age max =55 years (age=33.43 years, σ age =10.63 years). Female test persons vary in age from age min =26 to age max =52 years (age=39.20 years, σ age = 11.21 years), the overall mean age is 35.83 years and the standard deviation 10.78 years. Six persons participated in both series; however, dependencies such as learning effects can be excluded as the second experiment run was conducted several month later.
In principle, the difference of ≈10 years on the mean age between the two groups adversely compromises the comparability of reaction times (it has been confirmed in numerous experiments that perception is affected by and vibrotactile sensitivity becomes impaired with age [20, p. 227f.]). Nevertheless, it has also been shown that experience with a specific task (e. g., steering a car) apparently compensates for the decline with age. Furthermore, the general validity of the comparison is supported by the fact that the difference is relatively low compared to other studies (Shaffer and Harrison [21] , for instance, verified the effect with two groups divided by 45 years).
D. Experiment Processing
The following paragraphs highlights predeterminations and differences between the two kinds of experiments.
1) Trace-Driven Simulation: The success of any simulation model is based on how effective a simulator can translate realworld situations and the manner that physical elements for the real world that plays an active role in the choice process are represented [22] . For the comparative study in this work a trace-driven simulation approach has been chosen, operating, unlike a common driving simulator, as tool for real-time driving decision-making. The "simulator" has been employed to investigate the performance of driver response times using different notification channels on a prerecorded, typical trip across Linz (detailed findings are given in [20] [18] ).
Beside the accepted motivation for processing simulation experiments, such as safety, feasibility, independency, repeatability, or comparability, the aim in these series was more to assess a "kind of baseline" for the on-the-road studies to be performed later.
2) On-the-Road Studies: After extensive tests with the simulated driving environment and several modifications in the driver-vehicle feedback loop with the aim that a simulation run was intuitively understood by all test participants, the setting of the simulation experiment was transferred to and repeated in a similar designed on-the-road scenario. In the real driving study the goal was to provide evidence for a similar "system behavior" (embodied by a comparable reaction performance or workload of the driver). On successful proof this would legitimate further engagement in improving the driving simulator by considering parameters influencing the real driving performance to behave as realistic as possible (in terms of cognitive workload, distraction and reaction time, etc.). The final goal is to replace any real driving study with an equivalent simulation run. Tests in real traffic situations requires a substantially higher effort for preparation compared to experiments with a simulator. Before starting to drive each test person got a detailed initial training ("dry simulation") in order to avoid (or at least reduce) the probability of accidents or danger situations due to misconceived action triggers to a minimum. This preparatory stage lasts about 20min. per person, the driving experiment started immediately afterwards and took, on average, 34.3min. (for the ≈ 26km round trip).
Basically, the setting was similar to that of the simulation environment; however, the number of action points was with 35 lower than in the first series (44). Each test person had to drive exactly the same predefined route with notifications delivered on specific points of the route using random feedback channels. Visual notifications were given on small displays ("jumbo LEDs") placed left and right on top of the dashboard, auditory information was delivered via headphones, and vibrotactile information was transmitted via sixteen tactor elements (two strips of eight each) integrated into the car seat (see Fig.3 ). For measuring reaction times, the signals from the control elements activated in reality (light switch, turn indicator) were captured by a microcontroller and forwarded to and postprocessed in the data analysis unit (standard notebook). Table I gives a summary of data analysis separated for the two experimental series. Particularly the mean reaction time (x) and the SD (σ) are of interest for further examinations with respect to the comparability of the experiments (see Table II ). 
III. FINDINGS
A. Variance
It can be assessed that the standard deviation of reaction times is similar for both test series (349.9ms trace-driven, 331.9ms on-the-road; difference of 5.14% in favor of real driving studies), however, the inspection of data on modality level is more representative. The differences are here in the range between 10.76% for auditory notifications and 16.96% for vibro-tactile stimulation, in each case in favor of tracedriven simulation.
Attribute
Reaction Time, Increase in% Order 
1) Interpretation:
The variance of reaction time over all participants for a certain experiment is relatively stable at 300ms (see Table I ). Cross et al. [23] observed increased stability of (finger) reaction times as an inverse function of age -examining the individual notification channels confirms this finding as the mean age in the case of simulation is 25.0 years compared to 35.8 years for the real driving study.
It can be assumed that the variance of reaction time is rather independent from the channel of notification and whether the experiment is processed in the real or as simulation -the only (larger) variability should be caused by the age of test persons. For definitive confirmation it would be essential to conduct further studies with test persons in a broader range of age, e. g., age group 18 to 65 [21] . Initial evaluations with respect to age have been presented by Riener [24] for the trace-driven experiment -the order of variance (364.94ms for the group of persons aged 25 years or below, 337.37ms for the group older than 25 years) follows the findings presented by Cross and Luper [23] , and are confirmed within this work.
B. Reaction Time
Reaction time is attributed to cover (i) the time required to perceive the need for an action, (ii) thoughts about how to solve the problem, (iii) the selection of a solution, and (iv) the initiation of motoric actions. The mean reaction time for the two experiments differ by 12.82% in favor of simulation, comparing the real-driven to the simulated experiment based on individual modalities the reaction time increase is 4.41% for auditory, 24.79% for visual, and 27.41% for vibro-tactile delivered notifications (see Table II and Fig. 4) .
1) Interpretation: The significant increase in reaction time for on-the-road studies, discoverable over all modalities, can be explained by several factors and is confirmed, at least to some extent, by surveys carried out in connection with the experiments. One reason is, that the driver has not only to deal with the main task of driving (hands on the steering wheel, eyes directed towards the road), but is at the same time distracted from secondary (operate driver assistance, information or route guidance systems) or tertiary (talking with passengers, adjusting car stereo or operating the air conditioning system) tasks [25, p. 564] [26, p. 102f.] [27] . For the given experiments we have restricted these additional activities as good as possible; nevertheless, the capacity reserved for perceiving and reacting to primary actions is higher in the real driven case than in the simulated one (e. g., due to safety reasons). The large increase in the mean reaction time between simulation and on-the-road study for the visual notification channel (24.79%) can be explained by the fact that driving is mostly a visual task, demanding much higher attention when driving in real traffic compared to controlling a simulator. The behavior of the driver in the simulation environment has no impact to the real world (there is no "real danger" neither for the driver, nor for other road participants, pedestrians or the infrastructure), so that the driver can completely focus on the task of vehicle control. Furthermore, visual notifications were overlayed to the replayed video in the simulation while this information was provided around the dashboard for the real experiment. This requires glances with re-focusing the eye for the latter study, which is well known to require some extra time. Results would be better comparable when providing this information in the on-the-road experiment using a head-up display as already available in BMW's premium class cars.
The vibro-tactile stimulation channel, ascribed to be uninfluenced from the cognitive load of visual and auditory senses, has been added accessorily. It is supposed that the increase in mean reaction time between simulation and real driving tests (27.41%, see Table II ) results for the most part from the uncommonness of using the sense of touch as information channel. For the trace-driven simulation, test persons are willing to trust this modality, but in real driving studies users are more cautious as operating errors are prone to run unnecessary risks. Another factor is that the car was not running in the labor study, thus, vibrations from both the road and the motor had not been present in the first experiment and may influenced the results of the vibro-tactile channel. The histograms shown in Fig. 5 reflect these assumptions as the reaction time is on average lower with less variance for the first (simulation) when compared to the second experiment (on-the-road studies). We are confident that the great difference in reaction time declines, at least partly, with increasing utilization of the sense of touch in driver-vehicle interfaces.
Ambient noise from real road traffic was also not present in the simulation; however, a direct influence to the reaction times from auditory stimuli can be ruled out as the test persons weared headphones in the two experiments for both masking ambient sound and improving the notification quality.
C. Further Results
The surreal behavior of a driving simulator is another factor influencing the performance compared to on-the-road studies. For simulation, we found in particular that (i) a discoverable lower concentration is on the task of driving due to the riskfree environment, (ii) traffic rules (road signs such as speed limits) and road traffic regulations can be (and are) ignored by reason of no punishment on delicts, and (iii) the general unreal behavior of the simulation environment (absence of engine and environmental noise, road vibrations, etc.) has a negative impact on the validity of results.
It should also be noted that the comparison lacks of equal preconditions, for instance in the simulated experimentcontrary to the real driving study -test persons were actually not involved in a driving task (they only had to watch the prerecorded run and react on a requested feedback using the real control instruments of the car). Future simulation settings, desired to provide a more realistic behavior, should be designed under the guidelines to include these factors.
IV. CONCLUSION AND FUTURE WORK
With increasing pressure regarding production cost and time, automobile manufacturer are requested to apply simulation to all stages of product development including user interface evaluation. Here, the application of driving simulators is a great challenge as a person's behavior cannot be described by mathematical or physical rules and depends, beside the interaction task, on several subsidiary factors of influence.
In order to gain insight in the behavior of vehicle steering performance two driver-car interaction experiments of similar type have been designed and processed in a labor study (tracedriven simulation) and a real experiment (on-the-road driving journey). Comparing the mean reaction time of drivers based on stimulation using different sensory modalities showed that the two series perform similar. In both cases response from vibro-tactile notification worked best, followed by visual and auditory stimulation. Results have also shown that the reaction times in real world driving are on average about 13% higher (range, depending on the stimulation modality, between 4.41% to 27.41%); however, the simulation has been done using a simple setting (a static car in a garage and a video of the prerecorded track without a driving task) which disallows to use the percentual difference for the three sensory channels simply as "linear correction factor".
In the next experiments a more sophisticated simulator, providing an immersive environment (road vibrations, engine noise, penalty models for speeding, etc.), should be used. With such simulators using enhanced settings, developed for instance by TNO Netherlands [28] , DLR Germany [29] or TRW Automotive [30] , it should be feasible to analyze the increase in reaction time given the three modalities when transferring settings from the simulation to the real world.
Another issue to cope with in the next setting is to adjust the cognitive workload of the driver in both types of experiments to be similar, for instance by adding a task to the simulation experiment or by increasing the complexity of the simulator to behave more realistic. It could also be a viable way to relate the "level" of the simulator to the real world setting by providing separate columns in the metrics table, e. g., lowlevel simulator, visual notification, add x% to get real world behavior or high-tech simulator, visual channel, add y% (with y < x); of course, values have to be provided for all three modalities.
